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Abstract 

Zinc homeostasis is fundamental to metabolic health, orchestrated by the coordinated actions of two 

major zinc transporter families: ZIP (Zrt- and Irt-like Proteins) and ZnT (Zinc Transporters). ZIP-

transporters Facilitates zinc influx into the cytosol from the extracellular space or from the lumen of 

intracellular organelles, whereas ZnT-transporters control zinc efflux from the cytosol to the 

extracellular space or facilitate its sequestration into intracellular vesicles and organelles, 

concurrently harboring the meticulous intracellular zinc homeostasis. This equilibrium is essential 

for all critical functions like cellular response, metabolic control, or immune pathway alteration. 

Disruption of this homeostasis is a driver of different pathological alterations like metabolic 

inflammation, a chronic low-grade inflammatory state underlying obesity, type 2 diabetes, and 

nonalcoholic fatty liver disease. Recent studies revealed that ZIP and ZnT transporters dynamically 

regulate metabolic and inflammatory cues, with their tissue-specific expression varying by tissue and 

acclimating to different physiological and pathological conditions. Recent advanced research in 

molecular and genetic understanding has helped to deepen our knowledge on the interplay of 

activity between ZIP and ZnT transporters and their crosstalk in metabolic tissues, underscoring the 

potential therapeutic prospect for restoring zinc balance and ameliorating metabolic inflammation. 

This review provides a comprehensive overview that covers the function, regulation, and the 

interactive crosstalk of ZIP and ZnT zinc transporters in metabolic tissues, and its pathological 

condition. 

Keywords: Zinc transporters; ZIP family; ZnT family; metabolic inflammation; obesity; diabetes; 

immune response; zinc homeostasis 

 

1. Introduction 

Zinc is an essential trace element intricately interwoven into the foundation of human 

physiology. It protects cellular homeostasis, controls gene transcription, supports metabolic 

reactions, and intervenes intercellular communication and many more. Computational researches 

indicate that approximately one-tenth of the human proteome possesses zinc-binding capability, 

while over three percent of human genes encode zinc finger–containing proteins, underscoring the 

profound functional significance of zinc in regulating diverse biological systems [1]. A tightly 

organized orchestration of membrane-bound transport mechanisms which controls zinc's 

intracellular equilibrium, essential for its biological activity. Two primary families of zinc 

transporters are chiefly responsible for maintaining zinc homeostasis. The SLC30 family (ZnT), which 

facilitates zinc efflux from the cytoplasm to the extracellular space or into intracellular compartments. 

On the other hand, the SLC39 family (ZIP), which mediates zinc influx into the cytoplasm from either 
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extracellular sources or intracellular organelles [1]. Complementing these transporters, another 

indispensable protein,  metallothioneins (MTs) a cysteine-rich, zinc-binding proteins that function 

as intracellular zinc reservoirs and also bind to excess free zinc ions to avoid cytotoxicity [2]. 

Research have identified an intricate association between zinc equilibrium and metabolic 

inflammation, a phenomenon also known as metaflammation which is a chronic, low-grade 

inflammatory state arising from metabolic disorders rather than classical infectious triggers. 

Metaflammation is a defining feature of several prevalent metabolic diseases, including type 2 

diabetes (T2D), nonalcoholic fatty liver disease (NAFLD), obesity and cardiovascular disease. 

Persistent metabolic stress, especially developed from dietary habits which are rich in saturated fats 

and refined carbohydrates, initiates inflammatory cascades in different metabolic organs. These 

insults result in the secretion of pro-inflammatory cytokines like interleukin-1β (IL-1β) and tumor 

necrosis factor-alpha (TNF-α), which subsequently interfere with insulin signaling, impair glucose 

metabolism, and promote metabolic dysfunction [3]. 

Emerging research evidence indicates that zinc transporter dysfunction plays a crucial role in 

the pathophysiology of metaflammation. To maintain the intracellular zinc pool, several zinc 

transporters exhibit tissue-specific critical roles that significantly contribute to immune and metabolic 

regulation. In light of this, ZIP14 is increased in hepatocytes during inflammation and affects insulin 

sensitivity. In pancreatic cells, ZnT8 plays the crucial function for insulin formation, secretion and its 

malfunction leads to decreased insulin production or β-cell stress [4,5]. Meanwhile, ZIP4 & 8 and 

ZnT2 are involved in immune cell activation and gut epithelial barrier function, respectively both of 

which are pivotal for maintaining systemic inflammatory balance [6,7]. 

Importantly, besides maintaining the zinc flux zinc transporters are active participants in 

immune and metabolic signaling pathways. Transcriptional regulation of zinc transporter genes 

involves key inflammatory transcription factors such as nuclear factor-kappa B (NF-κB) and metal-

regulatory transcription factor 1 (MTF-1) [8]. Furthermore, the innate immune system components 

including Toll-like receptors (TLRs) and the NLRP3 (NOD-like receptor family, pyrin domain-

containing 3) inflammasome are known to modulate the expression of various transporters in 

response to metabolic stressors. Recent insights have further identified zinc as a second messenger in 

intracellular signaling and get influenced by this stimuli [9].  

In this review, we endeavored to consolidate existing information about the unique and 

interrelated roles of ZIP and ZnT transporters in metabolic inflammation. We tried to overview their 

molecular processes, tissue-specific functions, and connections with immune-metabolic signaling 

cascades. We also accentuated their potential as therapeutic targets in metabolic disorders and 

inflammation by elucidating the zinc-dependent regulatory webs that govern these functions. 

Overall, we wanted to highlight the translational prospect of zinc signaling ordinance in reforming 

metabolic health and mitigating chronic inflammation. 

2. Key Machinery for Zinc Homeostasis  

Maintaining tightly regulated cellular and tissue zinc concentrations is essential for the function 

of hundreds of enzymes, transcription factors, and signaling molecules. Zinc homeostasis requires 

the coordinated action of membrane-bound transporter families, metallothioneins, and organelle-

specific trafficking mechanisms enabling dynamic control over import, export, and intracellular zinc 

distribution. 

2.1. ZnT and ZIP Families: the Core Zinc Transporters 

The ZIP (Zrt/Irt-like protein) transporter family (1-14 members) is essential for preserving inter-

cellular zinc status by facilitating zinc transfer from the extracellular milieu to the cytoplasm or from 

intracellular organelle reserves. The transport system is crucial for maintaining zinc homeostasis 

within the cells or whole system, particularly in zinc deficiency or cellular stress to ensure adequate 

zinc supply for supporting the variety of biochemical processes that are essential for cellular function 

[10]. 
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On the other hand, the ZnT (zinc transporter) transporter family (ZnT1-ZnT10) is responsible 

for facilitating the efflux of zinc from the cytoplasm, either into the extracellular space or into 

intracellular organelles such as the Golgi apparatus, vesicles, and mitochondria. These transporters 

are essential for maintaining cellular zinc homeostasis by excess zinc induced cytotoxicity and 

ensuring proper compartmentalization of zinc pools, critical for specific signaling pathways within 

the cell [11].  

The "yin-yang" regulation mechanism of these two families maintains cellular zinc homeostasis 

in opposition. ZIP transporters deliver cytosolic zinc for cellular processes, whereas ZnT transporters 

export excess zinc to ensure optimal storage for optimal cellular performance [12]. 

2.2. Metallothionein: A Crucial Intracellular Zinc Buffer 

Metallothioneins (MTs), a group of small, cysteine-rich proteins, function as the crucial 

intracellular zinc buffers and dynamic reservoir, which help in tightly regulating the concentration 

of free/labile zinc ions [Zn2+] in the picomolar (pM) to low nanomolar (nM) range [13]. This dynamic 

binding allows MTs to buffer both steady-state and transient levels of free zinc ions (which are 

typically in the picomolar range), thereby controlling zinc availability for a wide range of biological 

processes, including enzyme activity, gene expression, boosting immunity and fighting against 

oxidative stress via zinc-finger transcription factors. Considering the complex role of 

metallothioneins, especially the partly zinc-depleted variant, MT2, it functions not only as a zinc 

buffer but also dynamically regulates cytosolic zinc concentrations by both donating and accepting 

zinc ions. to maintain zinc pool, releasing it when required for enzymatic or structural activities inside 

the cell [13,14]. Moreover, MTs are essential for eliminating surplus zinc and so evading the cytotoxic 

consequences of zinc aggregation. Of note, MTs are involved in redox regulation, as their zinc-thiolate 

clusters are highly sensitive to oxidative and reductive changes, allowing them to modulate cellular 

redox status and mitigate oxidative stress as well as cellular defense [6,15]. The MTF-1 meticulously 

controls MTs synthesis. MTF-1 recognizes an increase in free zinc and activates MTs to control the 

surplus zinc [16].  

The synchronized and antagonistic function of ZIP and ZnT transporters, in conjunction with 

zinc-binding protein- MTs, is crucial for maintaining the cytosolic free zinc content within a confined, 

low range (pM to low nM values). By shuttling zinc across designated membranes, with precise 

orchestrated mechanism they maintain the intracellular zinc gradients essential for finest cellular 

signaling and general physiological function. 

2.3. Key Cellular Zinc Compartments and Organelle-Specific Zinc Trafficking. 

Zinc has a markedly heterogeneous distribution across different cellular compartments, each of 

which maintains specific zinc concentrations targeted for certain enzymatic, structural, or signaling 

roles. The complementary functions of ZnT and ZIP transporters coordinate zinc flow across 

organellar membranes to dynamically modulate subcellular zinc distribution. Precise regulation of 

the zinc pool is critical for basic cell survival, redox equilibrium, and intracellular signaling. 

Endoplasmic Reticulum (ER): In the endoplasmic reticulum, zinc transporters such as ZnT5 and 

ZnT7 play a critical role in facilitating zinc influx into the ER lumen where this transported zinc is 

essential for the proper folding and structural maturation of nascent proteins, including several 

crucial zinc-requiring ectoenzymes like Phosphatidylinositol-glycan anchor biosynthesis (PIG) 

proteins, Sphingomyelin phosphodiesterase 1 (SMPD1), Chaperones etc [17,18]. Zinc present in the  

ER promotes the activity of certain folding enzymes and chaperones, and it is crucial for managing 

unfolded protein response (UPR) pathways for cellular stress adaptation, hence aiding cellular 

responses to metabolic or oxidative stressors [19]. 

Golgi Apparatus: Zinc is crucial in the Golgi apparatus as a cofactor for specific enzymes involved 

in protein post-translational modification and transport. ERp44, an early secretory pathway 

chaperone, binds Zn2+ to regulate client binding and release for protein flow and homeostasis. In 

return for protons, ZnT4, ZnT5/ZnT6, and ZnT7 membrane transporter complexes import Zn2+ into 
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the Golgi lumen. Amagai research group in their study showed that systematic ZnT-knockdowns 

exhibited ZnT4, ZnT5/ZnT6, and ZnT7 control labile Zn2+ content in the distal, middle, and proximal 

Golgi, respectively, consistent with their local ZnT-mediated Zn2+ fluxes regulate ERp44 localization, 

trafficking, and client-retrieval activity, as shown by time-course imaging of cells undergoing 

synchronized secretory protein traffic and functional experiments [20].  Additionally, key zinc-

dependent processes and enzymes include Golgi alpha-mannosidase II (GMII or 

MAN2A1/MAN2A2), Beta-4-galactosyltransferase, Alkaline phosphatases (ALPs) which mostly 

depends on ZnT4-7 to maintain zinc homeostasis within the Golgi lumen [21–23]. Zinc supports these 

enzymatic activities related to glycosylation, protein packaging, and vesicle trafficking. Disruption in 

these transporters particularly ZnT4 mutations has been shown to impair secretory pathway 

efficiency and compromise protein maturation, potentially leading to broader cellular dysfunction in 

secretory tissues. 

Mitochondria: Mitochondrial zinc homeostasis, albeit less well-characterized, is increasingly 

acknowledged as vital regulatory axis. Recent research emphasizes the importance of precisely 

regulated mitochondrial zinc homeostasis as both deficiency and excess can affect redox homeostasis, 

increase oxidative stress, and cause metabolic inflammation and mitochondrial dysfunction by 

targeting specific electron transport chain (ETC) complexes [24]. Several ongoing research have 

shown interest to define the involvement of transporters in mitochondrial zinc transportation, 

highlighting a promising novel approach for targeted therapies in different mitochondria-dependent 

pathological condition, including metabolic disorders and cancer. 

Vesicles and Insulin Granules: Vesicles accumulate high concentrations of zinc within their lumen 

through specific transporters of the ZnT (SLC30) family, such as ZnT2, ZnT3 and ZnT8, which pump 

zinc from the cytosol into secretory and synaptic vesicles. As per cryo-EM and immunolocalization 

studiesZnT transporters are required for vesicular zinc storage and controlled zinc secretion in 

neuronal, endocrine, and epithelial cells [25]. ZnT2 (SLC30A2) is a vesicular zinc transporter that 

directs zinc into lysosomes and secretory vesicles, especially in mammary epithelial cells, enabling 

zinc secretion into breast milk [26]. The ZnT2 mutation degrades this process, which inturn leads to 

transient newborn zinc deficit (TNZD) in breastfed babies due to low milk zinc levels [27]. ZnT8 

transports zinc into insulin granules in pancreatic β-cells, facilitating insulin crystallization and 

further maturation and secretion. Furthermore, zinc-mediated crystallization is crucial for 

maintaining proper glucose homeostasis in the body, and dysfunction of this transporter contributes 

to β-cell stress and T2D [28]. 

Lysosomes and Endosomes: Zinc trafficking within lysosomes and endosomes is systematically 

regulated by the ZnT and ZIP family transporters, the TRPML1 ion channel, and lysosomal 

exocytosis. ZnT2 and ZnT4 localize to the lysosomal membrane and mediate zinc import into the 

lumen for storage or detoxification, as documented by recent experimental knockdown (TRPML1KD) 

and colocalization studies. TRPML1 (MCOLN1) serves as a key channel for zinc efflux from 

lysosomal stores to the cytoplasm, with loss-of-function (LOF) causing pathological zinc 

accumulation and lysosomal enlargement, a phenotype seen in mucolipidosis type IV, a rare genetic 

disorder. The function of these transporters is modulated by lysosomal acidification (via V-ATPase) 

and transcription factor, MTF-1, which upregulate the expression of ZnT2 and ZnT4 and its in 

response to excess zinc [29]. ZIP transporters like ZIP8 and ZIP13 can also regulate lysosomal-

cytosolic zinc exchange and immune signaling [30]. Proper zinc balance in these organelles is crucial 

for protein degradation, autophagy, immune activation, and receptor recycling, and dysregulation is 

implicated in immune disorders, metabolic disease, and lysosomal storage pathologies. 

This intricate and compartmentalized zinc trafficking system ensures that each organelle 

maintains optimal zinc concentrations for its specialized functions. Alterations in the zinc 

concentration within the organelles, either due to mutations in transporter genes, inflammation or 

metabolite disturbances, can compromise the integrity and proper function of respective organelles. 

This may leads to disruption in fundamental operations including autophagy, protein folding, and 

immune signaling, which ultimately direct to cellular dysfunction and tailored pathological 
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condition. Thus, precise regulation of zinc distribution within organelles is a critical mechanism 

underpinning cellular physiology and pathology, going beyond basic maintenance to serve as a 

foundation for organelle and cell health. 

Table 1. Zinc Homeostasis Components. 

Organelle 
Transporters 

Involved 

Function & Physiological 

Significance 

Key Experimental Study Details 

& Insights 
Reference 

Cytosol 

ZIP family 

(influx), ZnT 

family (efflux into 

organelles/extrace

llular space) 

Maintains low free Zn²⁺ 

(picomolar) to support signaling 

and prevent toxicity; main hub 

for zinc-sensitive enzymes and 

kinases. 

ZIP1/ZIP3 found in intracellular 

organelles (HEK293, mouse), 

localize dynamically based on zinc 

status .Cytosolic zinc wave 

observed in mast cells, dependent 

on ZIP/ZnT activity. 

[31] 

Secretory 

Vesicles(e.g.

, synaptic, 

insulin 

granules) 

ZnT3, ZnT8, 

ZnT2, ZnT4 

Accumulate high vesicular zinc 

(millimolar range); ZnT3 loads 

synaptic vesicles (neurons); ZnT8 

loads insulin granules (pancreatic 

β cells); ZnT2 regulates glandular 

vesicles; ZnT4 traffics vesicles in 

secretory tissues. 

ZnT8 knockout and variant studies 

confirm granule-specific insulin 

packaging/diabetes risk. ZnT3 is 

involved in heterogeneous 

synaptic vesicle assembly and 

neurotransmission. ZnT2 is critical 

for zinc vesicle formation and 

stress protection. 

[32–38] 

Golgi 

Apparatus 

& ER 

ZnT5, ZnT6, ZnT7 

(influx into 

lumen); ZIP7, 

ZIP13 (efflux into 

cytosol) 

Zinc is required for folding and 

activation of secreted/membrane 

proteins, e.g., tissue-nonspecific 

alkaline phosphatase (TNAP), 

ERp44; ZIP exports zinc in "zinc 

wave" for cytosolic signaling; 

ZnT5/6/7 localized to Golgi & ER, 

essential for ALP activation. 

ZnT5 variant B localizes to ER, 

colocalizes with ZIP7, forming zinc 

efflux pathway; ZIP7 essential for 

cytosolic zinc signaling. ZnT7 

localizes to proximal Golgi and 

regulates ERp44-dependent 

homeostasis. ZnT5/6/7 activate 

tissue-nonspecific alkaline 

phosphatase in two-step 

mechanism. 

[17,20,21,3

9–41] 

Mitochondr

ia 

ZnT2 (suggested), 

ZnT9 (SLC30A9), 

ZIP family 

(potential roles) 

Mitochondrial zinc pools regulate 

oxidative metabolism, apoptosis, 

mitophagy; zinc influx/efflux 

affects mitochondrial stress 

resilience and cytochrome c 

release. 

SLC30A9 (ZnT9) loss causes zinc 

mishandling and mitochondrial 

overload in HeLa cells, shown by 

live dye tracking and ERC 

coevolution analysis. Zn-induced 

mitochondrial swelling triggers 

mPTP opening, mediates 

apoptosis. 

[24,42–45] 

Lysosome-

Related 

Organelles 

(LROs) 

CDF-2 (ZnT 

family), ZIPT-2.3 

(ZIP family, C. 

elegans), ZnT4 

Dynamic zinc storage and release; 

maintain organellar zinc pools for 

protein degradation/homeostasis, 

critical in stress adaptation. 

In C. elegans, CDF-2 stores zinc in 

LROs during excess, ZIPT-2.3 

releases zinc during deficiency; co-

regulation and colocalization 

confirmed by super-resolution 

microscopy and transgenics. 

Morphologic changes reflect zinc 

status, transporter levels. 

[46] 

Nucleus 

Metallothioneins 

(MTs), potential 

transporters 

Zinc primarily bound to 

transcription factors (zinc 

fingers), essential for gene 

expression/DNA replication; 

Single-molecule microscopy 

reveals that zinc availability 

modulates DNA binding of zinc 

finger TFs (MTF-1, CTCF, GR) in 

live mammalian cells; zinc 

[47,48] 
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labile pool controls TF 

binding/dynamics. 

depletion shortens TF dwell time 

.MTs buffer nuclear zinc and 

protect against oxidative injury . 

3. Functional Links Between Zinc and Metaflammation 

Metaflammation is classified as a persistent, low-grade systemic low-grade inflammation that 

originates in metabolic tissues in response to factors like overnutrition and sedentary lifestyles rather 

than infections by microorganisms. This condition is distinct from acute inflammation, which is 

transitory, subsides upon rejuvenation. Metaflammation, which affects metabolically active tissues 

such as adipose tissue, liver, pancreas, and skeletal muscle, stays constant nevertheless is less intense 

[49]. 

The hallmark of metaflammation is the sustained production of pro-inflammatory cytokines, 

such as IL-1β, TNF-α, and interleukin-6 (IL-6).Metaflammation is intricately associated with 

metabolic overload, a condition resulting from uncontrolled intake of food components which 

triggers a complex and crucial crosstalk between the systemic immune and metabolic pathways. The 

core mechanism involves specific immune cells that reside within metabolic tissues, most notably 

tissue-resident macrophages and other components of the innate immune system [50]. These 

interactions can lead to insulin resistance, glucose intolerance, and disturbances in lipid metabolism, 

thereby contributing to the development of chronic health conditions such as type 2 diabetes (T2D), 

nonalcoholic fatty liver disease (NAFLD), atherosclerosis, and hypertension associated with obesity. 

The key molecular mechanisms underlying metaflammation include persistent signaling through 

pattern recognition receptors (PRRs), notably TLRs, activation of the NLRP3 inflammasome, 

mitochondrial dysfunction, ER stress etc [49]. 

The choice of dietary intake plays a major impact in establishing and aggravating 

metaflammation. With great example, Western diets high in saturated fatty acids (SFAs) and 

processed carbs fuel metabolic organ inflammatory signals [51–53]. Lipotoxicity, ER stress, and 

NLRP3 inflammasome activation arise from saturated fatty acid stimulation of TLR4. This cascade 

increases IL-1β production and promotes pro-inflammatory macrophage polarization in adipose 

tissue [54,55].  Importantly, overconsuming glucose and fructose facilitates the production of 

advanced glycation end-products (AGEs), which worsen liver inflammation and lipid metabolism 

via the receptor for AGEs (RAGE) signaling pathway [56–58]. The chronic state of overnutrition also 

drives the production of ROS due to mitochondrial overload and the activity of NADPH oxidase 

[59,60]. This redox can displace zinc from specific zinc-binding proteins like cysteine thiols, MTs, 

which can further interfare in signalings dependant to cytosolic zinc status [61]. Thus, metabolic 

tissues can convert into immunological-active organs, addressing the close relationship between food 

signaling and immune responses in metaflammation. 

3.1. The Influence of Zinc Transporter Imbalance in Metaflammation 

Zinc plays a dual role in modulating metaflammation. An imbalance in zinc equilibrium, either 

through deficiency or mislocalization within the cell’s compartments, disrupts immune homeostasis 

and increases both oxidative stress and inflammatory signaling pathways [62,63]. Importantly, zinc 

deprived condition influences in cytokine production, affecting in a pro-inflammatory profile 

activation, primarily featured with increased levels of TNF-α, IL-1β, and IL-6, coupled with a decline 

in the anti-inflammatory cytokine such as IL-10 [64]. This imbalance fosters the polarization of 

macrophages towards the M1 phenotype, impairs T-cell growth, and limits the efficacy of regulatory 

T-cells, consequently intensifying insulin resistance [65,66]. 

The expression of zinc transporters is tightly regulated by inflammatory signals. For instance, in 

liver, ZIP14 is upregulated by IL-6. This upregulation leads to enhanced zinc accumulation in the 

liver and subsequent changes in how zinc is distributed throughout the body, ultimately affecting 

insulin sensitivity [67]. Dysfunctional ZnT8 can impair the crystallization and secretion of insulin in 

pancreatic β-cells, while ZIP8 influences NF-κB signaling in immune cells. Disruptions in the function 
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or expression of specific zinc transporters are indeed linked to impaired metabolic function and 

sustained inflammatory responses involving several mechanisms. Specific levels of zinc are also 

critical in modulating inflammatory responses within the system, primarily by inhibiting the NF-κB 

signaling pathway [68,69]. This inhibition occurs through the blockage of IκB kinase activity, a key 

enzyme responsible for the phosphorylation and subsequent degradation of IκB proteins. Under 

normal, zinc-sufficient conditions, NF-κB is held in an inactive state in the cytoplasm by IκB proteins. 

In response to inflammatory stimuli (like infection or cytokines), IκB is phosphorylated by the IκB 

kinase (IKK) complex, ubiquitinated, and degraded by the proteasome. This degradation allows NF-

κB to translocate into the nucleus and activate pro-inflammatory gene expression [69]. In contrast, 

zinc deficiency has been shown to have detrimental effects on inflammation regulation. A lack of 

adequate zinc levels leads to the enhanced activation of the NLRP3 inflammasome, a multi-protein 

complex that plays a pivotal role in the innate immune response which results in increased secretion 

of IL-1β, a potent pro-inflammatory cytokine that drives inflammatory processes [70].  

The increased activity of the NLRP3 inflammasome and the resultant overproduction of IL-1β 

lead to a condition of metaflammation in zinc deficiency. Thus, zinc deprivation results in 

intensification of inflammatory pathways and promotes the advancement of metabolic illnesses 

highlighting the need of sustaining optimal zinc levels for immune system health and inflammatory 

management. 

3.2. Zinc Transporters and microRNA-Mediated Regulation of Metaflammation 

Zinc transporters controll the biogenesis and expression patterns of numerous microRNAs 

(miRNAs) involved in immune and metabolic processes, which are also regulated by precisely 

controlled intracellular zinc concentrations.  Zinc-modulated miRNAs serve as key post-

transcriptional influencer  inchronic inflammation by regulating cytokine synthesis, immune cell 

differentiation, and metabolic adaptability. Recent studies demonstrated that transporters such as 

ZIP14 modulate the expression of zinc-sensitive miRNAs such as miR-675 and others within 

intestinal and hepatic tissues [71]. In enterocytes ZIP14 deficiency has been exhibited to impact 

intracellular zinc balance, resulting in modified miRNA profiles which in turn influence the 

transcriptional regulation of inflammatory pathways, including NF-κB and STAT3 signaling, thereby 

fostering a pro-inflammatory condition and undermining gut barrier integrity. Moreover, aberrant 

zinc homeostasis resulting from transporter dysfunction in different metabolic tissue has been shown 

to regulate the expression of miRNAs by “zinc–miRNA axis” linked to insulin resistance and lipid 

metabolism, further contributing to metaflammation [72]. Another study has shown that zinc 

deficiency upregulate miR-21 and promotes inflammation in adipose tissue by targeting the tumor 

suppressor PDCD4 whereas, zinc repletion can normalize miR-21 levels and attenuate these 

inflammatory effects [72]. Similarly, miR-34a is increased in states of zinc deficiency and obesity, 

exacerbating insulin resistance and driving pro-inflammatory M1 macrophage polarization through 

suppression of SIRT1 and Klf4, as confirmed in both murine and human adipose tissue models. 

In obesity and NAFLD, miR-122 influences systemic cholesterol and lipid metabolism by 

regulating key enzyme expressions and signaling pathways. Studies show that miR-122 generally 

acts to promote hepatic lipogenesis and cholesterol synthesis in a healthy liver, and its dysregulation 

in disease states has complex and sometimes conflicting effects. Different studies evidenced a 

complex, dose-dependent relationship between zinc status and miRNA expression, specifically 

involving miR-122 and miR-144-3p in metabolic tissues [73]. Experimental alteration in zinc status 

have been shown to influence miR-122 expression and associated lipid profiles. Alternatively, 

excessive zinc exposure upregulated miR-144-3p, which has been exhibited to impairs the Nrf2 

antioxidant defense pathway and exacerbates oxidative stress and insulin resistance, as 

demonstrated in in vitro hepatocyte and adipocyte models. Evidence together supports the 

hypothesis that zinc transporter-mediated miRNA regulation may constitute a basic molecular axis 

connecting zinc homeostasis to the regulation of inflammatory, metabolic, and immunological 

signaling pathways. 
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Table 2. Zinc-Related Impacts of Pathogenic Triggers on Inflammatory Outcomes. 

Pathogenic 

Trigger 

Zinc-Related 

Impact 

Inflammatory 

Outcome / 

Mechanism 

Mechanistic/Clinical Notes 

 

SFAs, ROS, 

glucose 

overload 

Disrupt zinc 

transporter 

expression: ZIP14 

↑ (in hepatocytes, 

adipocytes), ZnT8 

↓ (in pancreatic β-

cells) 

NLRP3 

inflammasome 

activation, 

increased IL-

1β/IL-18 release, 

chronic 

metabolic 

inflammation 

ZIP14 upregulation in response 

to TLR4 activation and IL-6 

drives hepatic/adipose zinc 

accumulation and insulin 

resistance. ZnT8 downregulation 

impairs insulin granule 

formation and β-cell function. 

High glucose and ROS amplify 

IL-1β/IL-18 via NLRP3 . 

[54,67,68

] 

Zinc 

deficiency 

Reduced Treg cell 

numbers, 

increased NF-κB 

activation; 

impaired 

metallothionein 

buffering 

Chronic low-

grade 

inflammation, 

heightened 

NLRP3 

activation, 

increased 

cytokine output 

Zn deficiency leads to lysosomal 

stress, ROS generation, and 

NLRP3 inflammasome 

activation/secretion of IL-1β 

.Zinc supplementation inhibits 

NLRP3 and supports immune 

balance. 

[59,70,74

] 

Zinc 

transporter 

dysfunction 

Alters zinc 

distribution in 

pancreas (ZnT8), 

liver/adipose 

(ZIP14), gut 

(ZnT2/ZIP8) 

Insulin 

resistance, gut 

barrier leakiness, 

cytokine 

imbalance 

Genetic or acquired dysfunction 

in ZnT8/ZIP14 impairs insulin 

packaging/secretion and 

hepatic/adipose zinc 

homeostasis. ZnT2/ZIP8 regulate 

intestinal barrier integrity; 

dysfunction increases 

permeability and systemic 

inflammation. 

[67,68,75

,76] 

Oxidative 

stress 

Displaces zinc 

from protein 

binding sites, 

impairs 

antioxidant 

function 

Amplifies ROS, 

triggers NLRP3 

activation, 

further immune 

cell recruitment 

and cytokine 

release 

Oxidative stress displaces zinc, 

activates stress kinases, and 

amplifies proinflammatory 

signaling. Zinc repletion reduces 

ROS and NLRP3 activity, 

supporting antioxidant defenses. 

[59,77] 
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4. Tissue-Specific Roles of Zinc Transporters  

Zinc transporters exhibit specific, non-redundant roles depending on the tissue and the 

subcellular compartment where they are expressed, allowing for fine-tuned control of zinc 

homeostasis for particular physiological functions. The following discussion delves into the evidence 

highlighting the functions of key zinc transporters in specific organs, particularly their implications 

for metaflammation and metabolic disorders.  

Liver- The Role of ZIP and ZnT Transporters in inflammation and insulin resistance: The liver serves 

as a pivotal regulator of metabolism and acts as a primary site for the redistribution of zinc during 

inflammatory responses. Among the several zinc transporters, ZIP14 is a pivotal zinc importer, with 

its expression markedly increased in hepatocytes during both acute and chronic inflammation. This 

induction is mostly initiated by pro-inflammatory cytokines, including IL-6 and TNF-α [78]. The 

overexpression of ZIP14 enhances the inflow of zinc into hepatocytes, which is closely associated 

with the acute phase response and marked by a fast decrease in blood zinc levels while hepatic zinc 

reserves simultaneously increase. ZIP14  located in the cytosol and the mitochondrial of hepatocytes, 

where it conjunctively work with ZIP8 to maintain zinc balance within mitochondria [79]. Controlling 

pathways like glycolysis, gluconeogenesis, glycogenesis, and glycogenolysis helps liver cells 

conserve energy and adapt to insulin and glucose fluctuations.  ZIP14 regulates insulin signaling 

pathways via affecting PTP1B and c-Met phosphorylation [78]. The ZIP14KO animals demonstrated 

hepatic insulin resistance, glucose intolerance, and lipid metabolic issues. These mice also exhibited 

increased body fat and altered expression of glucose and lipid metabolism genes such GLUT2, 

SREBP-1c, and FASN [80]. ZIP4/14 and ZnT9 depletion or dysregulation impairs the liver's response 

to inflammatory stimuli and regeneration signals, increasing the likelihood of NAFLD and metabolic 

syndrome [81]. ZnT transporters export zinc from hepatocytes or store it intracellularly to lower 

cytosolic zinc levels. ZnT8 is an interesting exception to the steady expression of most ZnT 

transporters during inflammation. Studies have shown that ZnT8 deficiency  in ZnT8 KO mice can 

protect from the liver injury by acetaminophen (APAP)-induced oxidative stress and damage [82]. 

This protection is linked to an increase in hepatic zinc and MT levels, which enhances the liver's 

antioxidant defense system, and it is also associated with reduced liver cell death and inflammation. 

This protective strategy involves compensatory ZIP4 and ZIP14 overexpression, which increases 

hepatic zinc absorption, antioxidant protein production, and hepatocyte proliferation [81,82]. 

Overall, ZIP14 and ZnT8 work in concert to control the metabolic pathways and response to 

inflammation in the liver for proper maintenance of zinc homeostasis. Understanding these 

mechanisms is essential for elucidating the pathways that contribute to metabolic diseases and 

developing targeted therapeutic strategies. 

Pancreas- ZIP and ZnT Transporters in Insulin Granule Biogenesis and Inflammation: Zinc, is 

indispensable for insulin production, storage, and controlled secretion in pancreatic β-cells.  The ZIP 

and ZnT, each transporter performs distinct, non-overlapping roles necessary for insulin granule 

production and cellular responses to metabolic and inflammatory stressors. ZnT8 is the main zinc 

exporter in insulin-producing β-cells membranes where it transports cytosolic zinc into the lumen for 

insulin crystallization [83]. This transport is essential for insulin crystallization, which allows dense 

storage, proteolytic degradation protection, and structural stability. ZnT8-KO mice showed 

significant reduction in crystalline insulin granules. Moreover in ZnT8−/− knockout mice, β-cells form 

immature, less dense granules packed with water-soluble insulin instead of solid zinc-insulin crystals 

[84]. These mice can still process and secrete basal insulin, but they struggle to maintain glucose 

homeostasis under metabolic stress, such as a high-fat diet. During high metabolic demand, 

crystalline insulin produced from ZnT8 is essential for reserve and packaging. Human genome-wide 

association studies (GWAS) have identified risk variants in the SLC30A8 gene, which encodes the 

ZnT8, that are associated with a higher risk for T2D [85,86]. This gene is strongly linked to T2D 

pathogenesis, with specific common polymorphisms and rare LOF mutations impacting the risk of 

developing the disease. The finding underscores ZnT8's role in T2D, suggesting it as a potential 

therapeutic target.  In addition to ZnT8, islet cells have ZnT5 and ZnT7 in their ER and Golgi 
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apparatus [87]. These transporters collaborate to give zinc for proinsulin folding, hexamerization, 

and maturation before granulation. Proper insulin production and storage granule integrity 

orchestrated by the functioning of these transporters. The ZIP family of zinc importers helps maintain 

β-cell zinc homeostasis, especially under high insulin demand. Glucose stimulation upregulates 

transporters such ZIP6, ZIP7, ZIP8, and ZIP14 in mouse and human islets, increasing zinc absorption 

to replace granule reserves and fulfill cell biosynthetic needs. Recent study highlighted that ZIP14 

acts as a negative regulator of glucose-stimulated insulin secretion (GSIS) by regulating the zinc 

trafficking and proper compartmentalization of intracellular zinc, particularly involving the ER [88]. 

This signifies the dynamic interplay between ZIP and ZnT transporters in regulating the zinc 

trafficking during insulin production, storage, and secretion. On the other hand, inflammatory states 

considering exposure to cytokines may drastically alter the expression and function of zinc 

transporters in β-cells during inflammatory conditions [89]. This modification may cause β-cell 

malfunction and death, which is frequently evinced in metabolic disorders like T2D. Pro-

inflammatory stimuli can disrupt the expression of ZnT8 and ZIP transporters, thereby impairing 

zinc-dependent processes and linking immunometabolic stress to β-cell failure. In overview, zinc 

transporters particularly ZnT8 and the various members of the ZIP family are indispensable for 

orchestrating the biogenesis, structural integrity, and functionality of insulin granules in pancreatic 

β-cells. Dysregulation of these transporters results in decreased insulin processing, secretion, and β-

cell resilience under inflammatory and metabolic stress. Understanding zinc homeostasis in pancreas 

function is crucial since such abnormalities are the key cause for diabetes and other metabolic 

diseases. 

Adipose Tissue: As well-known, ZIP and ZnT transporters serve as crucial regulators of zinc 

homeostasis in the adipose tissue also, and their dysregulation profoundly affects adipose 

inflammation, insulin resistance, and overall metabolic health in this tissue. Within this complex 

tissue, zinc transporters particularly those belonging to the ZIP and ZnT families are essential 

regulators of immune responses, metabolic functions, inflammation, and insulin sensitivity across 

various adipose depots. Among these transporters, most important candidate is ZIP14 due to its 

significant increased expression in the white adipose tissue (WAT) during systemic inflammation 

and metabolic stress [90]. This upregulation is especially prominent in adipocytes in the conditions 

like lipopolysaccharide-induced endotoxemia, where inflammatory signals concomitantly stimulate 

a rise in ZIP14 expression. ZIP14 overexpression facilitate a surge in zinc influx into cells, effectively 

redistributing zinc in response to pro-inflammatory cytokines: IL-6 and TNF-α. Studies have revealed 

striking consequences of ZIP14 deficiency in the ZIP14KO murine model. ZIP14 deficient mice 

exhibited significant adipocyte hypertrophy, increased leptin production, and raised concentrations 

of pro-inflammatory cytokines such as IL-6, TNF-α, and IL-1β [91]. Additionally, ZIP14 deletion 

disrupts normal adipocyte differentiation and altered fat mass to lean mass ratio, resulting in a 

phenotype marked by metabolic endotoxemia, excessive adipose tissue growth, and systemic insulin 

resistance [92]. This diseased condition closely resembles the characteristics of human metabolic 

syndrome and T2D, highlighting the significance of ZIP14 in metabolic health. Moreover, in mice, the 

deficiency of ZIP14 leads to extensive systemic dysfunctions beyond adipocyte impacts, particularly 

chronic, low-grade systemic inflammation (metabolic endotoxemia), substantial manganese (Mn) 

accumulation in the brain resulting in neurotoxicity and motor impairments, as well as disrupted 

glucose and iron metabolism [93,94]. 

Another study showed that ZIP14 inhibition resulted in reduced bioavailability of cytosolic zinc, 

leading to dysregulation of pivotal inflammatory pathways, including the JAK/STAT and NF-κB 

signaling pathways [95]. The other members such as ZIP13, ZIP8, and ZnT7, have also been shown 

to play significant roles in modulating adipose tissue functionality and inflammatory responses [96]. 

In study ZIP13-null mice displayed enhanced thermogenesis and improved insulin sensitivity, 

suggesting a complex interplay between zinc transport and adipose tissue browning [97]. On the 

other hand, apart from zinc efflux, the other family i.e. ZnT transporters, significantly influences on 

adipokine secretion, fat metabolism, and local immune responses. In chronic inflammatory 
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conditions, such as obesity, studies has documented association with altered expression and 

functionality of both ZIP and ZnT transporters, perpetuating a vicious cycle of adipose inflammation 

and metabolic dysfunction. Overall, the ZIP and ZnT transporter families' delicate balance of zinc 

influx and efflux determines adipose tissue's immunological and metabolic characteristics. The 

findings on ZIP disruption and inflammation, abnormal fat accumulation, and insulin resistance 

highlights the mechanistic importance of zinc homeostasis in adipose health and illness, making zinc 

transporters interesting targets for obesity-related metabolic diseases. The investigation into these 

transporters may lead to new treatments for metabolic illnesses associated to malfunctioning adipose 

tissue. 

Gut Barrier: Firstly, it is well documented that zinc homeostasis is a critical player to maintain 

the gut health and its permeability. inc is essential for maintaining the integrity of the intestinal 

mucosal barrier, and protecting against pathogens and toxins [98]. A complex network of all the zinc 

transporters, intricately regulated to maintain the intestinal barrier and regulates immunological 

responses. Gut epithelium and immunological cells need these transporters to precisely absorb and 

distribute zinc. Proper zinc homeostasis maintains tight junctions, the mucosal layer, antimicrobial 

peptide production, and resident and recruited immune cell activity. ZIP4, the ZIP family's major 

zinc transporter, is located at enterocytes' apical membranes [6,99]. Of note, studies have shown that 

ZIP4 mutation result in acrodermatitis enteropathica, a condition that highlights the transporter’s 

critical role in zinc homeostasis and overall gut health [100]. Other ZIP transporter family member, 

including ZIP2, ZIP6, ZIP7, and ZIP10, are also transcriptionally regulated in response to dietary zinc 

levels and activation of the aryl hydrocarbon receptor (AHR), which collectively boosts zinc import 

and fortifies intestinal barrier function [101]. The zinc influx is critical player for maintaining the 

integrity of tight junction proteins including claudins and occludins which is again mediated by 

specific zinc transporters, primarily ZIP4 for dietary absorption and ZIP14 for systemic zinc uptake 

into enterocytes [102]. In ZIP14 knockout (ZIP14KO) mice, the observed increase in intestinal 

permeability, local inflammatory responses, and reduction in major histocompatibility complex class 

II (MHCII) gene expression are a consequence of intracellular zinc deficiency in intestinal epithelial 

cells (IECs) and the resulting epigenetic modifications and altered signaling pathways [103]. At the 

same time, Loss of the ZIP14 transporter in Zip14ΔIEC experimental mice notably impacted intestinal 

integrity by disrupting chromatin accessibility and altering gene expression, which compromised the 

gut barrier and immune response through mechanisms involving zinc-dependent histone 

deacetylases (HDACs) and key transcription factors like CIITA. Furthermore, ZIP14 has been shown 

to influence gut microbiome composition, important for epithelial zinc homeostasis, microbial 

diversity, and immune functionality [92]. ZnT2 is predominantly found in the secretory granules of 

Paneth and goblet cells, where it plays a critical role for the secretion of antimicrobial peptides and 

mucins [104]. In the ZnT2-null mouse model, the Paneth cells, exhibited impaired function due to 

zinc-deficient secretory granules, leading to a compromised chemical barrier. Though ZnT1 and other 

ZnT members have been studied less extensively in the context of the intestine, they are believed to 

play a protective role by preventing cytosolic zinc overload and modulating zinc signaling during 

episodes of intestinal stress.  

On the other hand, zinc is essential for tight junction protein production and maintenance, and 

deficits due to transporter failure or diet may cause intestinal permeability, or "leaky gut." A 

weakened mucosal layer, decreased antimicrobial peptide synthesis, and dysregulated innate and 

adaptive immune responses are linked with this disease. In past decades, the research showed the 

significance of Zinc acting as a signaling cofactor via GPR39, activating PKCζ to improve epithelial 

barrier function [105]. Zinc supplementation and plant-derived AHR ligands increase zinc importer 

transcription, notably ZIP4, which has been shown to upregulate tight junction and mucin genes, 

strengthening barrier defense mechanisms [101]. Moreover, zinc transporter dysfunction is shown to 

weaken gut physical and chemical barriers and intestinal immune cell antigen presentation and 

cytokine transmission. This disruption may enhance microbial product translocation into systemic 

circulation, causing inflammation and metabolic abnormalities which may further leads to different 
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pathological conditions such as metaflammation, IBD, obesity, and T2D [6,7,75,106].  Thus, ZIP and 

ZnT transporters are essential for zinc-dependent gut barrier function, immunological homeostasis, 

and microbiota composition. Their malfunction might significantly impact on gut integrity and 

immunological competency, exposing people to chronic inflammatory diseases and health concerns 

which underscore for better understanding of transporters' complex functions in zinc homeostasis 

and metabolic illness. 

Table 3. Tissue-Specific Zinc Transporters, Functions, and Pathological Implications with Supporting 

Studies. 

Tissue 
Zinc 

Transporters 
Functions 

Pathological Implications 

& Supporting Studies 

References 

Liver 

ZIP14, ZIP8, 

ZIP1, ZIP10, 

ZnT1, ZnT5, 

ZnT6 

ZIPs mediate hepatic 

zinc uptake (ZIP14, 

ZIP8), respond to 

inflammation/acute 

phase (ZIP14); 

ZIP1/ZIP10 support 

vesicular influx; ZnT1 

exports zinc. 

Dysregulated ZIP14 leads 

to hepatic inflammation, 

NAFLD, and insulin 

resistance; ZnT1 

alterations impact systemic 

zinc homeostasis. ZIP1 

transits between plasma 

membrane and 

intracellular vesicles based 

on zinc levels.  

[79,81,107–

109] 

Pancreas 

ZnT8, ZnT5, 

ZnT7, ZIP6, 

ZIP7, ZIP8, 

ZIP1 

ZnT8 loads zinc into 

insulin granules for 

packaging/maturation 

(T2D linkage); ZnT5/7 

regulate zinc in 

ER/Golgi for hormone 

biosynthesis; ZIPs 

maintain 

cytosolic/organelle 

zinc homeostasis; ZIP1 

& ZIP3 is detected in 

mouse/pig pancreatic 

tissue. 

ZnT8 dysfunction causes 

β-cell failure, impaired 

insulin secretion, and 

diabetes risk; ZIP6/7/8 

impairment affects 

proinsulin processing and 

stress responses in beta 

cells. ZIP1 can localize to 

vesicular structures in 

transfected cells. 

[37,87,110] 

Adipose 

Tissue 

ZIP14, ZIP13, 

ZIP8, ZIP1, 

ZnT7, ZnT5 

ZIP14 mediates zinc 

influx during 

inflammation, impacts 

immune signaling; 

ZIP13 regulates 

secretory pathway and 

adipocyte 

ZIP13 dysfunction leads to 

adipose inflammation and 

altered fat mass. ZIP14 

upregulation is linked with 

metabolic syndrome and 

obesity-associated 

inflammation. ZnT7 

[91,96,97,111

,112] 
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Tissue 
Zinc 

Transporters 
Functions 

Pathological Implications 

& Supporting Studies 

References 

differentiation/BMP/T

GF-β signaling 

(knockout leads to 

vesicular zinc build-up 

in fibroblasts); ZnT7 

influences fat 

metabolism. 

influences insulin 

sensitivity and adiposity. 

ZIP1 and ZIP8 involved in 

adipocyte zinc 

homeostasis and cytokine 

response. 

Gut 

(Intestine

) 

ZIP4, ZIP8, 

ZIP1, ZIP10, 

ZnT1, ZnT2, 

ZnT4 

ZIP4 mediates dietary 

zinc absorption on 

apical surface (ZIP4 

mutations: 

acrodermatitis 

enteropathica); ZIP8 

maintains immune cell 

zinc levels; ZIP1/ZIP10 

contribute to epithelial 

zinc balance; ZnT1 

exports into circulation 

(basolateral), ZnT2 

supports zinc granule 

secretion in 

Paneth/goblet cells. 

ZIP4 essential for intestinal 

health and systemic zinc; 

ZnT1 expressed highly in 

gut, supporting serum zinc 

levels. ZnT4 contributes to 

vesicle trafficking in 

enterocytes. ZIP8, ZIP1, 

ZIP10 regulate intestinal 

immunity and barrier 

integrity. 

[99–

101,104,113,

114] 

Kidney 

ZIP8, ZIP1, 

ZnT3, ZIP10, 

ZnT1, ZnT4, 

ZnT8 

ZIPs/ZnTs support 

renal zinc 

reabsorption, 

homeostasis, and 

excretion; ZnT1/2 

mRNA unique in 

kidney; ZnT4 and 

ZnT6 traffic in 

vesicular 

compartment. 

Zinc imbalance impairs 

kidney function, 

ZnT3/ZIP8/ZIP1 changes 

affect nephropathy risk; 

transporter regulation 

controls acute-phase 

systemic zinc 

redistribution. 

[60,115–118] 

Brain 

ZIP3, ZIP8, 

ZIP1, ZIP6, 

ZIP7, ZnT1, 

ZnT3 loads zinc into 

synaptic vesicles for 

neurotransmission; 

ZIP3/8/1/6 manage 

ZnT3 critical for synaptic 

plasticity, alteration linked 

to neurodegeneration; 

ZIP7 antibody stains 

[119–121] 
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Tissue 
Zinc 

Transporters 
Functions 

Pathological Implications 

& Supporting Studies 

References 

ZnT3, ZnT4, 

ZnT6 

neuronal zinc influx 

and homeostasis; ZIP7 

located constitutively 

in Golgi/ER in neurons 

and glia; ZnT4, ZnT6 

detected in neural 

vesicles. 

Golgi/ER regions in 

diverse cell types, 

including neurons and 

glia. Transporter 

imbalance may affect 

cognition and 

neuroinflammation. 

5. Zinc-Modulated Signaling Pathways 

Zinc is known as a dynamic signal transducer, also serve as a second messenger by regulating 

signaling cascades, affecting protein activities, and enabling cellular communication between 

external stimuli and intracellular responses. Recent studies have shown zinc plays a role with rapid 

intracellular zinc release concomitant with calcium signaling, to influence cellular responses [122]. 

Intracellular zinc signaling is divided into two categories. One is the relatively swift, stimulus-driven 

“zinc waves,” and the other involves more gradual, transcription-mediated changes depending on 

the expression of zinc transporters [1]. Zinc waves occur within minutes following receptor activation 

such as the FcɛRI in mast cells requiring both calcium influx and the activation of the MEK signaling 

cascade. This phenomenon leads to a transient increase in free cytosolic zinc levels which directly 

modulates the critical protein phosphatases and kinases activity. Notably, zinc inhibits the activity of 

phosphatases, thus prolonging the activation of mitogen-activated protein kinases (MAPK) including 

ERK, JNK, and p38. Beyond these rapid signaling events, zinc also influences long-term cellular 

responses by affecting expression and function level of different transcription factors, most notably 

the MTF-1. Conversely, MTF-1 senses cytosolic zinc fluctuations and subsequently regulates the 

expression of MTs and Zinc transporters, involved with zinc homeostasis [16]. By activating these 

genes, MTF-1 helps maintain intracellular zinc balance and cellular adaptation to stress or excess 

metal exposure.  

5.1. Zinc’s Crosstalk with Canonical Pathways: NF-κB, MAPKs, NLRP3, TLRs,  

Zinc plays a crucial role in suppressing the nuclear translocation of NF-κB by stabilizing its 

inhibitor, IκB, and directly inhibiting the activity of upstream kinases [123]. Conversely, when zinc 

levels are depleted, there is an enhancement in NF-κB-driven inflammatory gene expression, which 

can activate NLRP3 inflammasomes, a key component in metaflammation and immune responses 

[54]. The interplay between zinc waves and extracellular zinc influx activates key signaling pathways 

such as ERK and Akt. This happens through the phosphatases inhibition and direct stimulation of 

Ras and MEK, resulting to the subsequent phosphorylation and activation of CREB and Fosl1 

[124,125]. Depleted zinc levels also activate stress-responsive kinases like JNK and p38, which are 

integral to the cellular response to inflammatory stimuli and stress [126]. Adequate intracellular zinc 

levels serve to restrict the activation of the NLRP3 inflammasome, thereby mitigating the release of 

the pro-inflammatory cytokine IL-1β [127]. In contrast, zinc chelation or deficiency removes this 

inhibitory effect, resulting in an exaggerated inflammatory response.  

Crosstalk Between Zinc, TLRs, and Metabolic Sensors: Zinc is essential for the immune system, 

playing a dual role as a cofactor and a signaling molecule (secondary messenger) that connects innate 

immunity and metabolic regulation. As a cofactor, it regulates thousands of proteins involved in basic 

cell functions like DNA replication and cell division. Interestingly, zinc ions also can function as a 

signaling molecule, modulating intracellular signaling pathways in immune cells and serving as a 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 November 2025 doi:10.20944/preprints202511.1763.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.1763.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 33 

 

second messenger in response to stimuli. This dual function allows zinc to markedly affect cellular 

responses to diverse danger signals, especially via its interaction with TLR and metabolic sensor 

pathways. On the other hand, TLRs are crucial pattern recognition receptors (PRRs)  that serve as a 

first line of defense in the immune system by detecting molecules from microbes (like LPS) and also 

from the body (damage-associated molecular patterns or DAMPs) [128]. Recent research shows that 

TLRs can also be activated by metabolic stresses, such as saturated fatty acids, and that this activation 

is linked to chronic inflammation in metabolic diseases like obesity. Zinc's involvement in TLR 

signaling can be categorized into several critical functions which has been discussed briefly here. 

After being stimulated by LPS or palmitate, it directs rapid activation of NF-κB, with subsequent 

enhancement of pro-inflammatory cytokines [129]. Though this initial response is tightly regulated 

by negative feedback mechanisms to prevent excessive inflammation and potential tissue damage. 

As a feedback mechanism this activation also triggers an upregulation of zinc importers, particularly 

ZIP14, facilitating the sequestration of zinc in the liver, a commonly observed response during acute 

inflammation [93]. Wherein, adequate zinc level is critical for negative regulation to curb excessive 

inflammation driven by TLRs. 

In addition, zinc pilots MyD88-dependent pathways, to decrease pro-inflammatory cytokine 

production by direct inhibition of IKK, preventing the activation and nuclear translocation of the NF-

κB. By blocking NF-κB, zinc restricts the downstream inflammatory response [130]. Zinc does indeed 

influence the functions of precise regulatory proteins like A-20 and the other zinc-finger protein, 

which again underscores its crucial role in preserving the critical equilibrium or the fine line between 

immune activation and its tolerance [131]. Research from past decades consistently highlighting 

importance of zinc as a trace element essential for the immune system, often modulating immune 

responses by serving as a critical cofactor for various enzymes and regulatory molecules.  

Transporter Interactions Zinc transporters, particularly ZIP8 and ZIP14, play a significant role 

in modulating pro-inflammatory signaling. They help restrict NF-κB activity and influence the 

activity of protein tyrosine phosphatases, thus finely tuning the cellular responses to TLR activation 

[69,89,93]. Zinc and Metabolic Sensors Beyond its role in immune signaling, zinc is also integral to 

the regulation of various metabolic sensors that align energy and nutrient status with immune 

function.  

Zinc is known to modulate AMPK activity, which serves as a master regulator of cellular energy 

homeostasis and fatty acid oxidation. As it is known that AMPK integrates metabolic stress signals 

to maintain cellular energy equilibrium and has anti-inflammatory characteristics. Moreover, zinc 

may affect mTOR signaling pathways, which are vital for controlling autophagy, immune cell 

differentiation, and anabolic activities necessary for cell growth and metabolism [132]. Of note, zinc 

has been shown as a critical regulator in experimental tissues for activating insulin receptors and the 

ensuing IRS-1/PI3K/Akt signaling pathway, facilitating effective glucose absorption and metabolism 

[133].  The zinc transporter ZnT8 is particularly important for insulin crystallization and secretion 

in β-cells, while zinc in peripheral tissues plays a role in modulating insulin sensitivity and 

downstream metabolic pathways. As mentioned earlier, in pathological conditions such as obesity 

and type 2 diabetes, metabolic stressors like SFA and ROS trigger chronic, low-grade inflammation 

via activation of TLRs and inflammasomes, which in turn leads to altered expression of zinc 

transporters like increased ZIP14 and decreased ZnT8 [93]. Disruption of intracellular zinc levels 

initiates a malicious cycle between metabolic and inflammatory signaling pathways by impairing the 

body's innate anti-inflammatory and insulin-sensitizing mechanisms, which in turn further 

dysregulate zinc equilibrium. Thus, extensive experimental and clinical research underscores zinc's 

critical role as an integrator of immune and metabolic signaling pathways. As shown, zinc modulates 

TLR responses and metabolic sensors, hence influencing cytokine production, metabolic adaptability, 

and the course of many illnesses. Consequently, focusing on zinc homeostasis and the related 

transporter pathways offers a viable therapeutic strategy for treating inflammatory and metabolic 

disorders. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 November 2025 doi:10.20944/preprints202511.1763.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.1763.v1
http://creativecommons.org/licenses/by/4.0/


 16 of 33 

 

Table 4. Zinc-Modulated Signaling Pathways, Roles, and Physiological Impacts (with Literature Support). 

Signaling 

Pathway 
Zinc’s Role 

Physiological 

Impact 
Study Details 

References 

Zinc Waves 

Acts as a second 

messenger; rapid 

release from 

ER/perinuclear 

stores after 

receptor 

stimulation 

(FcεRI, TLR, 

cAMP/PKA) 

Modulates 

protein tyrosine 

phosphatase 

activity, 

prolongs MAPK 

activation, 

amplifies/control

s cytokine (IL-6, 

TNF-α) 

production 

Zinc waves occur 

within minutes after 

FcεRI crosslinking, 

dependent on Ca²⁺ and 

MEK signals. Inhibits 

phosphatases and 

sustains MAPKs; first 

described in mast cells. 

[1] 

NF-κB 

Inhibits IκB 

kinase (IKK), 

stabilizes IκB, 

directly and 

indirectly 

restricts NF-κB 

nuclear 

translocation 

Suppresses pro-

inflammatory 

gene expression 

(e.g., TNF-α, IL-

1β); zinc 

deficiency or 

transporter 

dysfunction 

relieves this 

suppression 

Zinc wave enhances 

cytokine gene induction 

via prolonged MAPK 

and potentially NF-κB 

activation after FcεRI 

stimulation .Zinc 

essentially gates the 

amplitude/duration of 

the NF-κB response . 

[1,9,54] 

MTF-1 

Direct zinc 

sensor; zinc 

binding activates 

metal response 

elements, 

upregulating 

metallothioneins 

and select ZnT 

genes 

Promotes 

cellular defense 

against oxidative 

stress; increases 

zinc buffering 

capacity; adapts 

transporter 

profile to stress 

Zinc exposure or 

cytosolic elevation 

leads to MTF-1 nuclear 

translocation and 

oxidative stress 

protection, well-

documented in immune 

and liver cells . 

[16] 

MAPKs (ERK, 

JNK, p38) 

Zinc 

waves/influx 

modulate 

phosphorylation, 

inhibiting 

protein 

Controls cell 

proliferation, 

inflammation, 

cytokine output, 

and 

Zinc ionophores mimic 

zinc wave by 

prolonging MAPK 

activation, increasing 

late-phase IL-6/TNF-α 

[1] 
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Signaling 

Pathway 
Zinc’s Role 

Physiological 

Impact 
Study Details 

References 

phosphatases, 

sustaining 

MAPK signaling 

survival/differen

tiation signals 

expression in mast cells 

. 

NLRP3 

Inflammasome 

Zinc deficiency 

or oxidation-

driven 

displacement of 

zinc from 

proteins 

activates NLRP3 

inflammasome, 

increases IL-1β 

Promotes 

metaflammation, 

insulin 

resistance, and 

chronic 

inflammatory 

disease 

Zinc supplementation 

inhibits NLRP3 

activation; 

deficiency/oxidative 

stress enhances it. 

Linked to response in 

macrophages, adipose 

tissue . 

[54] 

TLRs 

Zinc suppresses 

MyD88 and 

canonical NF-κB 

pathway 

activation in 

TLR4/2 

signaling, 

modulates 

inflammatory 

threshold 

Prevents 

excessive 

cytokine release 

on 

microbial/metab

olic stimulation; 

restricts 

prolonged 

inflammation 

TLR activation results 

in rapid transporter 

regulation and a 

decrease in free zinc as 

an early signal for 

dendritic cell activation. 

ZIP14 and ZIP8 

up/downregulation 

tightly couple TLR 

activity to zinc 

homeostasis. 

[93,130] 

Insulin Signaling 

Zinc enhances 

Akt activation, 

supports 

phosphorylation 

cascade; ZnT8 

ensures proper 

insulin 

packaging/releas

e 

Promotes 

glucose uptake, 

insulin secretion, 

and β-cell 

function; 

deficiency linked 

to impaired 

glycemic control 

ZnT8 mutations disrupt 

insulin granule 

biogenesis and 

secretion, increasing 

T2D risk. Zinc signaling 

also influences IRS-

1/PI3K/Akt sensitivity 

in target tissues. 

[133,134] 

6. Therapeutic Implications and Translational Potential of Zinc Transporters 

Recent advancements have established zinc transporters as promising therapeutic targets for 

metabolic disorders like T2D, NAFLD, and obesity. The therapeutic landscape has been traversed via 

principal intervention strategies which includes employing promising clinically approved small-
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molecule modulators to affect zinc transporter activity, the implementation of nutritional zinc 

supplementation, and the direct targeting of zinc transporter proteins as viable drug candidates in 

clinical applications. 

Small Molecule Modulators of Zinc Transporters: The development of small compounds that may 

regulate the activity or expression of zinc transporters has considerable promise for reestablishing 

zinc homeostasis and improving cellular signaling pathways affected in several disease conditions. 

For instance, though currently, there are no specific, approved small-molecule drugs that directly 

target the zinc transporter ZIP5 for clinical use in T2D, NAFLD, or obesity. On the basis of existing 

research on genetic studies and experimental models, which suggest that pharmacological inhibition 

of SLC39A5 could be a viable therapeutic strategy in the future. This effect has been observed in 

human subjects harboring LOF mutations as well as in genetically modified mouse models, even 

when subjected to high-fat, high-fructose diets [135]. Furthermore, targeting the transporter ZIP13 

has shown promise in modulating adipocyte browning, which could be beneficial in the context of 

obesity and T2D management [97,136]. ZnT8 in pancreatic beta cells for insulin synthesis, storage, 

and release, positioning those as a key target for diabetes therapies. Strategy-based therapies for 

insulin resistance, glucose intolerance, and dysregulated lipid metabolism may include zinc 

transporter augmentation or inhibition [137]. For targeted therapeutics for metabolic illnesses such 

as T2D, NAFLD, and obesity. Research shows that addressing zinc imbalances in metabolic organs 

including the pancreas, liver, adipose tissue, and muscle may restore cellular function.  

Nutritional interventions involving zinc supplementation have been linked to favorable outcomes 

in glycemic control and overall metabolic health, as evidenced by various animal studies and clinical 

trials [74,138,139]. Supplementation study from different research has been shown to has the ability 

to improve insulin sensitivity in individuals, decrease fasting glucose levels, lower triglyceride 

concentrations, and alleviate systemic inflammation, especially in those with zinc insufficiency 

[59,74]. In populations such as obese mice and humans suffering from metabolic syndrome or T2D, 

zinc supplementation has been associated with improved insulin response and beneficial alterations 

in metabolic profiles. Personalized zinc therapy is an emerging field, and while routine clinical 

practice does not yet widely offer specific zinc dosing based on an individual's full genetic profile, 

certain genetic tests and specialized medical consultation are available. To pursue personalized zinc 

therapy based on genetic variations, you would typically need to undergo genetic testing ordered by 

a medical professional or a specialized nutritionist, followed by consultation with a dietitian or 

genetic counselor to tailor a plan. This field is a developing area of nutritional science, and the clinical 

application of specific genetic variants for general zinc supplementation recommendations is still 

evolving.  

Zinc Transporters as Druggable Targets in T2D, NAFLD, and Obesity: Several zinc transporters 

exhibit significant translational potential for drug development. Research indicates that genetic 

ablation or pharmacological inhibition of ZIP5 transporter can lower the risk of diabetes and provide 

protection against hepatic metabolic dysfunction, supported by clinical evidence from large 

population studies and direct animal experimentation [140]. Variants of ZnT8 transporter, whether 

gain- or loss-of-function, have been associated with altered susceptibility to T2D, primarily through 

their impact on insulin storage and release. Current investigations are exploring modulation of ZnT8 

as a therapeutic strategy for diabetes management [134,141]. On the other hand, ZIP13 and ZIP14 

transporters have been documented as essential controller of adipogenesis, insulin sensitivity, and 

hepatic glucose metabolism as discussed earlier. Their modification may target concerns such as 

insulin resistance, adipose tissue inflammation, and steatosis with considerable implications for the 

treatment of obesity and NAFLD. Though there is no currently FDA-approved drugs that specifically 

target ZIP13 or ZIP14 for the treatment of metabolic disorders. However, research in animal models 

has identified potential therapeutic strategies involving the modulation of zinc signaling pathways 

associated with these transporters. For example bortezomib, used in genetic disorder 

(Spondylocheirodysplastic Ehlers-Danlos syndrome, SCD-EDS) caused by mutations in the ZIP13 

gene helped to restore normal ZIP13 protein levels and intracellular zinc homeostasis in cellular 
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models which can be a promising repurposed drug option for common metabolic diseases [142]. 

Therefore, targeting the zinc signaling cascade might reveal a potential restorative approach.  As 

from the above discussion we know that zinc transporters not only orchestrate systemic zinc 

disbandment but also engage in cellular signaling mechanisms that control metabolic operations and 

inflammatory responses. Continued advancements in our understanding of the structure, regulation, 

and function of these transporters will accelerate the development of innovative small molecules and 

biologics, paving the way for new therapeutic options in the management of diabetes, fatty liver 

disease, and obesity. 

6.1. Pharmaceutical Development and Contemporary Case Analyses:  

In the realm of drug development, significant advancements have emerged, particularly with 

regards to targeting of different zinc transporters considering different pathological conditions. These 

efforts are mainly focused on two primary strategies: the direct modulation of transporter activity 

and the chemical inhibition of excessive zinc trafficking. Recent study, published in April 2025, used 

gene-edited human embryonic stem cell-derived β cells (SC-β cells) and human primary islet models 

to specifically examine the role of zinc and demonstrated that an increased influx of zinc causes ER 

stress, eventually resulting in β cell death, a mechanism of considerable importance in diabetes 

pathogenesis [143]. Another study by Batta et al. aligns closely with current efforts to 

pharmacologically modulate zinc homeostasis by identifying small-molecule ligands that selectively 

target members of the ZIP and ZnT transporter families [144]. Using in silico docking, Batta and a 

different research group screened multiple phytochemical and drug-like compounds against 

modeled structures of ZIP4, ZIP8, ZIP10, and ZnT8, identifying several candidates with notable 

predicted binding affinity most prominently quercetin, kaempferol, genistein, resveratrol, and 

curcumin [145]. The recognized compounds had promising potential and interactions with the 

transporter's active or regulatory regions, suggesting possible altering influences on zinc 

translocation. This study seeks to realize the ultimate goal of developing isoform-specific modulators 

for zinc transporters. It founded the first computational framework to facilitate the selection of potent 

compounds, thereby encouraging further biochemical confirmation and therapeutic outcome. 

On the other hand, utilizing a sophisticated drug-screening platform centered on isogenic SC-β 

cells, researchers made a groundbreaking discovery that low-doses of anisomycin (at a concentration 

of 25 nM), which is conventionally recognized as a protein synthesis inhibitor at higher doses, 

showed selective inhibition of the over-transportation of zinc [143]. Remarkably, treatment with a 

low-dose (25 nM) anisomycin  was found to protect human pancreatic beta cells from stress-induced 

cell death and prevent the onset of  T2D in mice fed a high-fat diet. This low-dose anisomycin not 

only safeguarded human β cells from stress-induced cell death but also demonstrated efficacy in vivo. 

Rui et al showed that when administered to primary human islets and diabetic mice, it successfully 

prevented the onset of type 2 diabetes induced by high-fat diet. This unique pharmaceutical 

technique targeting zinc transporters is a novel therapeutic approach to maintaining β-cell function 

in diabetic population [143]. A significant milestone in the field of translational zinc biology has been 

achieved with the identification of LOF mutations in the zinc transporter ZIP5. Comprehensive large-

scale exome and cohort studies across many ethnic groups have shown that people with uncommon 

LOF mutations in ZIP5 have significantly increased blood zinc levels and a much decreased risk of 

developing T2D [146]. Functional assays corroborated that these mutations lead to a complete loss of 

transporter function, resulting in systemic zinc elevation. Similar to human genetic findings, 

ZIP5/Slc39a5-null mice had elevated tissue zinc levels, decreased fasting glucose, improved hepatic 

insulin sensitivity, and reduced liver inflammation and fibrosis, even with congenital or diet-induced 

obesity [146]. These strong in vivo data suggest that ZIP5 may be a viable metabolic illness treatment 

target, especially for individuals who do not benefit from zinc supplementation alone. Clinical 

investigations of zinc supplementation in metabolic syndrome, obesity, and diabetes patients have 

consistently shown improvements in insulin resistance and metabolic biomarkers. However, recent 

approaches are unwinding to prioritize the modulation of intracellular zinc trafficking. 
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To circumvent the limits of "one-size-fits-all" supplementing techniques, small compounds or 

transporter proteins are used to address the molecular causes of metabolic disease dysregulations. 

Due to both gain- and loss-of-function variants of ZnT8 have been shown to affect β cell function and 

insulin granule biogenesis it drawn attention in diabetes. This duality in genetic variation justifies the 

exploration of both pharmacological enhancement and inhibition as viable strategies, tailored 

according to individual patient genotypes.  

Recent advancements in zinc-centric pharmacological research have highlighted zinc 

transporters as potential therapeutic targets for inflammatory disorders, such as rheumatoid arthritis 

(RA). Case studies in experimental arthritis models, namely collagen-induced arthritis (CIA) mice 

and ex vivo synovial fibroblast systems, show that the modulation of zinc flux may influence critical 

inflammatory pathways [147,148]. ZIP8 has been shown to be highly elevated in arthritic synovium 

and has been proposed as a druggable target due to its zinc-dependent stimulation of MMP-9 and 

MMP-13, which is directly responsible for cartilage degradation [149]. Small-molecule ZIP8 inhibitors 

and siRNA-mediated suppression methods have shown effectiveness in mitigating joint 

inflammation and matrix deterioration in CIA models [150]. Moreover, targeting the ZIP14 

transporter, which moves zinc in response to cytokines in tissues like the liver and joints or other 

synovial tissue, can reduce systemic inflammation and the acute-phase response [67,151,152]. 

Compounds that regulate ZnT1 and ZnT5 activity are being studied for their ability to restore 

cytosolic zinc buffering capacity and inhibit NF-κB–mediated cytokine production [153]. These case 

studies together highlight the potential of zinc-transporter-focused therapies, establishing them as 

promising candidates for the development of next-generation anti-inflammatory drugs. 

Table 5. Zinc Transporter Proteins as Therapeutic Drug Targets: Clinical Trials and Translational Studies. 

Zinc 

Transpor

ter / 

Target 

Mechanism / 

Rationale 

Disease / 

Condition 

Drug/Intervention 

Type 
Study Details 

referenc

es 

ZnT8 

Zinc transport 

into insulin 

granules (β-

cell specific); 

impacts 

insulin 

maturation 

and secretion 

Type 2 

Diabetes (T2D) 

Targeted 

modulator / 

Precision therapy 

(in development) 

GWAS and rare 

variant studies: 

loss-of-function 

alleles reduce T2D 

risk .Ongoing 

drug 

development 

focused on 

enhancing or 

mimicking 

protective 

variants. ZnT8-

KO mouse studies 

confirm islet-

specific function. 

[154,155

] 
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Zinc 

Transpor

ter / 

Target 

Mechanism / 

Rationale 

Disease / 

Condition 

Drug/Intervention 

Type 
Study Details 

referenc

es 

ZIP5 

Regulates 

glucose 

sensing & 

insulin 

secretion in β-

cells; impacts 

gut/pancreas 

zinc handling 

Diabetes, 

Metabolic 

Diseases 

Small 

molecule/Genetic 

modulation 

(preclinical) 

Mouse knockout 

protects against 

glucose 

dysregulation and 

pancreatic zinc 

toxicity. SLC39A5 

variants studied 

in large cohorts; 

shown to 

modulate serum 

zinc and glucose 

homeostasis in 

humans and 

animals. 

[146] 

ZIP8 

Modulates 

zinc uptake in 

gut/liver/adip

ose; 

influences 

innate 

immunity, 

metabolism, 

Crohn's 

disease risk 

Crohn's 

Disease, 

Gut/Liver 

Inflammation 

Genetic and 

pharmacological 

modulation (early 

translational phase) 

Functional variant 

linked with 

Crohn's disease 

and microbiome 

composition. 

Modifiers of ZIP8 

studied in 

immune/inflamm

atory disease 

animal models. 

[156,157

] 

ZIP10 

Controls B-

cell receptor 

signaling, 

humoral 

immunity, 

anti-apoptotic 

signaling 

Hematologic 

malignancy, 

Immunodefici

ency 

Genetic targeting / 

Therapeutic 

antibodies 

(preclinical) 

ZIP10 critical for B 

cell survival; 

mouse genetic 

studies. ZIP10 

inhibitors/enhanc

ers under 

investigation for 

immune 

modulation; drug 

development in 

[158] 
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Zinc 

Transpor

ter / 

Target 

Mechanism / 

Rationale 

Disease / 

Condition 

Drug/Intervention 

Type 
Study Details 

referenc

es 

early preclinical 

phase. 

ZIP13 

Regulates 

vascular and 

cardiac/skin 

function; 

upregulation 

linked to 

fibrosis and 

inflammation 

Cardiovascula

r disease, 

Fibrosis 

Small molecule 

inhibitor / antisense 

RNA (in 

development) 

Mouse ZIP13 

downregulation 

reduces 

ischemia/reperfus

ion injury via 

CaMKII 

regulation. 

Pharmacologic 

inhibition as a 

therapeutic 

strategy is under 

study. 

[159] 

ZIP4 

Dietary zinc 

absorption / 

homeostasis; 

overexpressio

n in cancer 

Pancreatic & 

GI cancers, 

Acrodermatitis 

Enteropathica 

Antibody drugs / 

Antisense 

oligonucleotides 

Anti-ZIP4 

therapies in 

preclinical cancer 

studies. Genetic 

therapies for 

acrodermatitis 

enteropathica 

under 

development. 

[99,160] 

ZnT1 

Exports zinc 

from cells; 

affects 

systemic and 

tissue zinc 

levels 

Zinc 

deficiency/exc

ess, intestinal 

disorders 

Dietary/Pharmacol

ogical / 

Translational 

biomarker 

Plays a role in 

dietary and 

supplemental zinc 

absorption; 

involved in 

biomarker trial 

(NCT01062347) . 

[161,162

] 

SLC 

transport

ers (class) 

General 

therapeutic 

target class: 

several 

T2D, 

metabolic, 

cancer, 

inflammation 

Small 

molecule/Monoclon

al 

SLC30A8 and 

related SLCs 

identified as most 

promising for 

[163–

165] 
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Zinc 

Transpor

ter / 

Target 

Mechanism / 

Rationale 

Disease / 

Condition 

Drug/Intervention 

Type 
Study Details 

referenc

es 

subtypes 

including 

SLC30A, 

SLC39A 

individually 

druggable 

antibodies/combo 

therapy 

metabolic 

indications from 

human genetic & 

animal studies; 

some SLCs 

targeted in 

marketed and 

experimental 

cancer/metabolic 

drugs. 

7. Future Perspectives and Open Questions 

Zinc's role as a dynamic immunometabolic regulator has changed our knowledge of chronic 

illness development and opened new treatment avenues. However, zinc signaling's molecular 

details, tissue-specific control, and translational promise for precision metabolic therapy are still little 

understood. One major challenge lies in the context-specific nature of zinc transporter regulation. To 

achieve this, single-cell mapping of transporter expression in physiological and pathological states 

and tissue-specific delivery strategies like nanoparticle carriers or gene promoters are needed to 

precisely modulate transporter function. To achieve therapeutic selectivity, ligand-specific 

modulators that utilize transporter isoform structural differences might be designed. We also need 

biomarkers that can track intracellular zinc dynamics and transporter function in real time. 

Circulating miRNAs (e.g., miR-34a in NAFLD), metallothionein levels as proxies for cytosolic zinc 

buffering and redox balance, and zinc-sensitive contrast agents or genetically encoded biosensors for 

noninvasive PET or MRI zinc flux imaging seem promising. Genetic variants in SLC30 and SLC39 

families may predict zinc-targeted therapy response, allowing patient classification and customized 

intervention. T2D and NAFLD are complicated, hence zinc-based monotherapies may not be enough. 

Instead, integrative combination techniques can work better. Zinc modulation may boost the 

metabolic advantages of GLP-1 receptor agonists, synergize with anti-inflammatory medicines like 

IL-1β inhibitors or NLRP3 antagonists, or improve gut-immune interaction with microbiome-

directed therapy. Co-targeting AMPK, mTOR, and zinc homeostasis may improve cellular energy 

balance and immune-metabolic integration. To maximize its therapeutic potential, future 

translational research should focus on multi-axis techniques and incorporate zinc signaling into 

metabolic and inflammatory control. 

Conclusion:  

Both preclinical and human genetic studies have underscored the critical role zinc homeostasis 

in metabolic health, showing that alterations in transporter expression, genetic mutations, or disease-

induced mis-localization can all lead to the pathogenesis of T2D, NFLD, obesity, and/or related 

metabolic disturbances. Breakthrough studies in imaging and biosensor advances have made zinc a 

second messenger and revealed its signaling mechanisms. Zinc transporter mutations, protect 

metabolic illness models, proving that targeting transporter activity when zinc supplementation is 

inadequate is therapeutic. Though, precise regulation of zinc flux in disease-relevant tissues is a 

critical emerging area in biomedical research, as future therapeutic success is highly dependent on 
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addressing tissue specificity and context-driven treatment methods. Altogether, modulation of zinc 

transporter function—either by small molecules, gene targeting, or precision nutritional strategies—

holds significant translational potential to restore immunometabolic balance and reduce the burden 

of chronic metabolic diseases. Integrating zinc biology into clinical practice for metabolic 

inflammation is an area of active research facing severe challenges and opportunities in biomarker 

development, drug delivery, and combinatorial treatment paradigms. Continued multidisciplinary 

efforts are required to translate current findings into next-generation therapies. 
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